The mafiganin gauges were used t o determine t h e Hugoniot curve and t h e spa11 s t r e n g t h of t h e m a t e r i a l .
Various f e a t u r e s of t h e r e l e a s e wave were used t o deduce t h e s t a t e of t h e material a f t e r passage of t h e shock wave.
The Hugoniot E l a s t i c L i m i t could b e varied from 6.0 t o 7.5 GPa s o l e l y by varying t h e thermal h i s t o r y o f t h e alumina specimens. These changes i n dynamic p r o p e r t i e s were shown t o correspond t o~m i c r o s t r u c t ur a l changes and were well-correlated with corresponding changes i n t h e s t a t i c f r a c t u r e toughness.
This c o r r e l a t i o n was explained i n terms of a model f o r dynamic y i e l d i n g based on m u l t i p l e unconnected microcracking on t h e s c a l e of t h e microstructure.
INTRODUCTION
The dynamic response of b r i t t l e s o l i d s t o impulsive loading has been t h e subject of many publications over t h e p a s t twenty years.
The a r t i c l e by Davison and Graham (1) reviews t h e important i s s u e s concerning stress-wave propagation i n t h e s e materials.
A s i n g l e comprehensive model which w i l l account f o r a l l t h e observed features is s t i l l lacking, although much progress has been achieved, f o r example i n t h e thermomechanical d e s c r i p t i o n o f Grady ( 2 ) .
In addition, t h e recent work of Munson and Lawrence (3) on t h e dynamic deformation o f p o l y c r y s t a l l i n e alumina demonstrated t h e d i s p e r s i v e nature of t h e wave p r o f i l e above t h e Hugoniot E l a s t i c L i m i t (HEL) .

This paper presents experimental r e s u l t s on t h e dynamic behaviour of a commercial
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alumina containing approximately 30% g l a s s (AD-85, manufactured by Coors) with inmaterial manganin gauges and c o r r e l a t e s changes i n HEL with microstructural changes.
I t is shown t h a t t h i s glass-containing alumina behaves s i m i l a r l y t o p o l y c r y s t a l l i n e alumina ( 3 ) .
I n p a r t i c u l a r d i s p e r s i v e wave p r o f i l e s a r e observed above t h e HEL and t h e leading edge o f t h e r e l e a s e wave propagates a t t h e longitudinal e l a s t i c velocity, which supports t h e assumption t h a t t h e l o s s of shear s t r e n g t h during shock loading i s only p a r t i a l .
In a d d i t i o n , increases i n dynamic y i e l d s t r e n g t h (HEL) produced by h e a t treatment a r e shown t o correspond t o microstructural changes i n t h e glassy i n t e r g r a n u l a r phase and a r e associated with changes i n density, e l a s t i c modulus and t h e s t a t e of microstress i n t h i s phase.
EXPERIMENTAL
Gun d e s c r i p t i o n
Planar impact experiments were conducted i n a 64 mm gas gun (4), and 2.5" powderl gun (5).
Impact v e l o c i t i e s were measured t o 0.5% and ranged from 100 t o 700ms-.
For copper impactors and AD-85 d i s c t a r g e t s , s t r e s s e s were i n t h e range from 20 t o 100 kb.
A schema of t h e impact assembly i s shown i n Fig Manganin gauges (Micro-Measurements, type LM-SS-125CH-048) were c a l i b r a t e d under both loading (5) and unloading (6) conditions. Gauge emplacement and datareduction procedures were i d e n t i c a l t o t h o s e previously described (5,6). The 5 pm t h i c k , grid-like, f o i l gauges mounted on a 0.04 mm epoxy sheet were embedded between two specimen d i s c s , leaving a 0.05 mm intermediate l a y e r of mostly epoxy r e s i n , which has a much lower a c o u s t i c impedance than alumina.
Any shock wave t r a v e r s i n g t h e t a r g e t reverberates i n t h i s l a y e r s e v e r a l times before t h e s t r e s s reaches i t s f i n a l l e v e l .
These reverberations degrade t h e r i s e time of t h e s t r e s s s i g n a l t o of t h e o r d e r of 0.15 ps.
The configuration shown i n Fig. 2 , i n which t h e gauge records t h e s t r e s s -t i m e h i s t o r y i n a backing d i s c of poly(methy1-methac r y l a t e ) (PMMA) , gives a much f a s t e r r i s e time. Since epoxy and P M M A have almost equal impedance, t h e gauge is e f f e c t i v e l y embedded i n PMMA and t h e r i s e time of t h e s t r e s s s i g n a l is reduced t o 5 ns (equal t o a few reverberations across t h e gauge thickness).
This configuration was aLso used t o measure t h e spa11 s t r e n g t h o f t h e alumina d i s c s by means of a technique previously described (7). 
Material s p e c i f i c a t i o n s
The alumina d i s c s were cut and lapped from rectangular t i l e s 6.2 and 12.4 mm t h i c k . The material is mainly composed of corundum g r a i n s with some s p i n e l (MgAl204). The grains of t h e s e two phases form a continuous network i n t e r l a c e d with a glassy phase.
This glassy phase i s of v a r i a b l e composition i n t h e a n o r t h i t e (Ca A12Si208) range and comprises about 30 w t . % of t h e t o t a l . The s t a t i c compressive s t r e n g t h of t h e material quoted by t h e manufacturer i s 19.3 kb and i t s density i s 3.41g/cc. Ultrasonic measurements gave a value f o r t h e longitudinal sound wave v e l o c i t y of CL = 8.9 kms-1 and t h e bulk and shear moduli, as given by t h e manufacturer, a r e K = 1380 kb and G = 960 kb respectively, with a Poisson's r a t i o of v = 0.22.
Heat treatment
The alumina d i s c s were impacted both as-received and a f t e r t h r e e c l a s s e s of heat treatment:
a. Solution-treatment ~. 1 3 5 0 -1 6 0 0~~) followed by f a s t cooling.
b. S t r e s s r e l i e f (ageing treatment) a f t e r s o l u t i o n treatment ( 7 5 0 -9 0 0~~) . c. P r e c i p i t a t i o n treatment a f t e r s o l u t i o n t r e a t i n g and ageing ( 1 0 5 0 -1 2 0 0~~) .
The solution-treatment eliminated minor phases and increased t h e alumina content of t h e i n t e r g r a n u l a r g l a s s .
Subsequent s t r e e -r e l i e f reduced t h e alumina content of t h e g l a s s without causing p r e c i p i t a t i o n of a d d i t i o n a l phases.
S t r e s s r e l i e f i s expected t o have reduced t h e l e v e l of i n t e r n a l microstress.
P r e c i p i t a t i o n t r e a tment r e s u l t e d i n t h e formation of minor s i l i c a t e phases ( a n o r t h i t e and some c o r d i e r i t e ) i n t h e glassy regions.
RESULTS AND DISCUSSION
The Hugoniot curve
A t y p i c a l gauge record based on t h e configuration of Fig. 1 , is shown i n Fig. (3) . The rise-time of t h e s t r e s s s i g n a l i s r a t h e r l a r g e (about 0.2 usec), p a r t of which is t h e r e s u l t of t h e thickness of t h e gauge package.
However, t h i s r e l a t i v e l y l a r g e r i s e time i s a l s o due t o t h e d i s p e r s i v e n a t u r e o f t h e wave a t shock l e v e l s higher than t h e Hugoniot e l a s t i c l i m i t .
The f i n a l s t r e s s s t a t e s , determined from t h e gauge c a l i b r a t i o n curve (5). t o g e t h e r with t h e measured impact v e l o c i t y , determine a point on t h e Hugoniot curve o f t h e
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The measured p o i n t s and t h e curve drawn through them a r e shown i n Fig. ( 4 ) . The back-surface configuration shown i n Fig. ( 2) was used t o determine t h e e l a s t i c l i m i t of t h e Hugoniot curve more accurately.
A t y p i c a l gauge record f o r t h i s conf i g u r a t i o n is shown i n Fig. (5) .
The s t r e s s jump t o t h e e l a s t i c l i m i t i s followed by a d i s p e r s i v e wave t o t h e f i n a l s t r e s s value.
The f e a t u r e s of t h e d i s p e r s i v e wave a r e very s i m i l a r t o those observed with t h e VISAR interferometer (13). The e l a s t i c wave v e l o c i t y was determined f r m t h e t r a n s i t time through t h e specimen 7 . .
The value obtained (8.9k0.1 ms-) 1s I n very good agreement with t h e u l t r asonic value.
The Hugoniot e l a s t i c l i m i t (HEL) i s determined from t h e a c o u s t i c impedances of AD-85 alumina (Z1) and PMMA (Z2) i n t h e r e l a t i o n : where oE is t h e measured e l a s t i c jump i n t h e s t r e s s s i g n a l transmitted t o t h e PMMA.
The c a l c u l a t e d value of oHEL (60klkb) i s i n good agreement with previous r e s u l t s (8).
Combining t h i s value f o r t h e HEL with t h e r e l a t i o n o = (1-2)/(1-v)aiEL, a value of u = 43 kb i s obtained f o r t h e dynamic uniaxial s t r e n g t h (Poisson's r x t i o v = 0.22). This value i s about 2.3 times l a r g e r than t h e s t a t i c compressive s t r e n g t h given by t h e manufacturer.
A s i m i l a r r e s u l t was a l s o found f o r Lucalox (3) where t h e HEL value of 91 kb correspond t o a dynamic u n i a x i a l y i e l d s t r e s s of a = 60 kb, while t h e s t a t i c compressive s t r e n g t h of a Lucalox i s only 22 kb. Y Fig. 5 . A gauge record f o r t h e back-surface configuration (Fig. 2) A possible explanation i s t h a t t h e compressive s t r e n g t h of t h e m a t e r i a l s i s pressure dependent. Hydrostatic pressure-dependent y i e l d s t r e n g t h s have been observed f o r many m a t e r i a l s , e s p e c i a l l y metals.
For aluminum t h e y i e l d s t r e n g t h increases by a f a c t o r of 4 f o r h y d r o s t a t i c pressures o f up t o 100 kb (9-11).
We can w r i t e a l i n e a r expression:
f o r t h e compressive s t r e n g t h where A i s an empirical constant, and o and a a r e t h e dynamic and s t a t i c s t r e n g t h s r e s p e c t i v e l y . Y
YO
The h y d r o s t a t i c pressure i n t h e specimen a t t h e HEL p o i n t can b e eveluated from t h e r e l a t i o n between t h e longitudinal s t r e s s and pressure under u n i a x i a l e l a s t i c s t r a i n :
where K and G a r e t h e bulk and shear moduli Thus a t t h e HEL p o i n t , alD =.60kb, we o b t a i n a value of P = 31kb and from equation (2) 3.2 The S p a l l s t r e n g t h
The configuration shown i n Fig. 2 can be used t o determine t h e spa11 s t r e n g t h of t h e specimen (7).
When a f r e e s u r f a c e i s generated i n s i d e t h e t a r g e t , due t o s p a l l a t i o n , p a r t of t h e r e l i e f wave reverberates between t h i s new s u r f a c e and t h e specimen -P M M A i n t e r f a c e .
These reverberations a r e recorded by t h e gauge a t t h e
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A s i m i l a r approach was used by Johnson (12) .
Fig. 6 shows gauge records from experiments with increasing impact v e l o c i t i e s . Only f o r t h e lowest impact v e l o c i t y , i n which t h e shock s t r e s s was well within t h e e l a s t i c range, i s t h e r e some i n d i c a t i o n of s p a l l s t r e n g t h .
Using a 1 -D code, as previously described ( 7 ) , a value of 3kb i s obtained f o r t h e s p a l l s t r e n g t h of AD-85 alumina i n t h i~~r a n g e . This s p a l l s t r e n g t h decreases with increasing impact velocity and a t a shock l e v e l of 60-70kb i s p r a c t i c a l l y zero.
These r e s u l t s a r e consistent with t h e values o f l e s s than 0.5kb reported f o r Lucalox (3).
Fig. 6. S p a l l s i g n a l s from experiments with increasing impact v e l o c i t y .
The very small s p a l l s t r e n g t h f o r t h e s e m a t e r i a l s near t h e HEL point is not s u rp r i s i n g , s i n c e t h e i r s t a t i c t e n s i l e s t r e n g t h s a r e a l s o very small (1.5kb f o r AD-85
as reported by t h e manufacturer) .
Release behaviour The v e l o c i t y of t h e leading edge of t h e r e l e a s e wave was found t o correspond t o t h e e l a s t i c longitudinal v e l o c i t y . This may not be s u r p r i s i n g f o r t h e low s t r e s s experiments, but a t higher impact s t r e s s e s t h i s can be considered as evidence t h a t t h e material does not completely l o s e i t s shear s t r e n g t h above t h e HEL p o i n t . The Lagrangian v e l o c i t y of t h e leading edge of t h e r e l a s e wave was found t o b e t h e same as t h e longitudinal e l a s t i c wave v e l o c i t y (8.9mm/uS).
The n a t u r e of t h e r e l a s e wave i s a l s o d i r e c t evidence t h a t t h e material r e t a i n s some s h e a r s t r e n g t h , and t h e records show t h a t t h e r e l e a s e path has an e l a s t i c p a r t c h a r a c t e r i s e d by a very s h o r t f a l l t i m e s i m i l a r t o t h e loading r i s e times.
The e l a s t i c portion o f t h e r e l e a s e p a t h decreases as t h e shock s t r e s s increases. This can be seen by comparing t h e gauge record i n Fig. ' /(for which t h e shock s t r e s s was 85kb) with t h a t of Fig. 3 ( f o r a shock s t r e s s of 65kb) .
The smaller e l a s t i c portion o f t h e high s t r e s s experiment i n d i c a t e s c l e a r l y t h a t t h e r e s i d u a l shear s t r e n g t h of t h e material decreases a f t e r t h e passage of a s t r o n g shockwave. Fig. 7 . The gauge record from a high shock experiment (85 kb) ( 1 Volt/div, 0.5 p S/div) .
Further confirmation f o r t h i s decrease i n s t r e n g t h can be gained by observing t h e Hugoniot curve i t s e l f (Fig. 4 ) .
We s e e t h a t t h e curve departs from t h e e l a s t i c l i n e , c o n s i s t e n t with a decreasing shear s t r e n g t h with increasing shock amplitude.
Similar observations have been reported f o r o t h e r ceramics ( I ) , although i n most cases t h e evidence f o r decreasing shear s t r e n g t h comes from a f l a t t e n i n g of t h e Hugoniot and i t s approach t o t h e h y d r o s t a t i c compression curve.
Mechanical Properties
Values of through-thickness f r a c t u r e toughness (K ) and t r a n s v e r s e r u p t u r e s t r e n g t h
(TRS) could be c o r r e l a t e d with t h e dynamic y i e l d 'strength (HEL).
Furthermore, t h e s e mechanical p r o p e r t i e s could b e c o r r e l a t e d with t h e f r a c t u r e morphology (13). Fig. 9 shows t h e observed c o r r e l a t i o n between K and HEL.
The f r a c t u r e morphology a t low values of K was characterised by a rougk, i n t e r -g r a n u l a r f a i l u r e confined t o t h e glassy phase. 5 A t high values of K t h e f r a c t u r e s u r f a c e was smooth, and i ncluded extensive cleavage of alumina g$ains.
S i m i l a r observations were made on conoid fragments recovered from p r o j e c t i l e penetration t e s t s : t i l e s e x h i b i t i n g poor penetration r e s i s t a n c e yielded conoid fragments with roughened f r a c t u r e surfaces while those from t i l e s with good p e n e t r a t i o n r e s i s t a n c e yielded fragments with smooth f r a c t u r e surfaces (Fig. 10) .
Values o f Kc and TRS could be combined t o y i e l d an estimate of t h e c h a r a c t e r i s t i c c r i t i c a l crack length Co.
Maximum values of C were a l s o c o r r e l a t e d with maximum values of K . Table 1 summarises t h e s e co$relations and a l s o demonstrates t h a t heat-treagments f o r t h e highest s t r e n g t h s a r e associated with solution-treatment and r a p i d cooling of t h e t i l e s , while t h e lowest s t r e n g t h s correspond t o f u l l y -p r e c i p i t a t e d , e q u i l i b r a t e d t i l e s .
Microstructural Changes
The as-received material contained small q u a n t i t i e s o f a n o r t h i t e and c o r d i e r i t e , i n addition t o t h e alumina, s p i n e l and glassy phases.
After s o l u t i o n treatment a t 1350 t o 1 5 5 0~~ t h e minor p r e c i p i t a t e phases were observed t o have dissolved i n t h e g l a s s (Fig. 8 ) , and both t h e volume f r a c t i o n o f g l a s s and t h e alumina content of t h e g l a s s increased ( t o 35.3%, as compared t o 30.2% i n t h e as-received m a t e r i a l ) . Furthermore, t h e bulk d e n s i t y was increased by s o l u t i o n treatment (13) a s was t h e e l a s t i c modulus (245 GPa, a s opposed t o 219 GPa f o r t h e as-received m a t e r i a l ) . These r e s u l t s imply t h a t s o l u t i o n treatment removes t h e minor e m b r i t t l i n g phases, and leads t o t h e formation of a higher density g l a s s with an increased e l a s t i c modulus.
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JOURNAL DE PHYSIQUE Fig. 8 . ~o r p h o l o g y of t h e glassy phase. a ) q M a t e r i a l b) After Quenching S t r e s s -r e l i e f reduced t h e bulk d e n s i t y , t h e volume f r a c t i o n of t h e glassy phase and t h e alumina content of t h e g l a s s (which returned t o t h e as-received v a l u e ) , but no p r e c i p i t a t i o n of t h e minor phases,was observed.
Fully-precipitated t i l e s ( 1 0 5 0~~ heat-treatment) showed higher volume f r a c t i o n s of t h e minor phases than were observed i n t h e as-received m a t e r i a l .
Further d e t a i l s of t h e time and temperature and dependence of t h e s e changes i n s t r u c t u r e a r e given elsewhere (13).
DISCUSSION
The c o r r e l a t i o n of K with t h e HEL (Fig. 9) i s by no means p e r f e c t ( e s p e c i a l l y f o r t h e lower values of kc) .and does not n e c e s s a r i l y imply t h a t t h e l o s s of shear s t r e n g t h associated with dynamic compressive y i e l d i n g occurs by t h e same mechanism as t h e crack propagation which c o n t r o l s t h e toughness i n tension.
Neither a r e d i f f e r e n c e s i n f r a c t u r e morphology, noted i n specimens o f . h i g h toughness (smooth morphology) as opposed t o specimens o f low toughness (rough s u r f a c e s ) , n e c e s s a r i l y i n d i c a t i v e of r a d i c a l l y d i f f e r e n t mechanism o f crack propagation. 
I
Correlation between oHEL and f r a c t u r e toughness. Three d i s t i n c t models of dynamic y i e l d i n g i n b r i t t l e m a t e r i a l s have been proposed: 1. Viscous flow associated with l o c a l "melting".
2.
P l a s t i c deformation by d i s l o c a t i o n m u l t i p l i c a t i o n and g l i d e .
3. Multiple microcrack formation, with a corresponding i n c r e a s e i n e l a s t i c compliance.
The theory of l o c a l tfmeltingtt was proposed t o account f o r y i e l d i n g a t very high pressures. I f t h e dynamic y i e l d s t r e n g t h i s c o n t r o l l e d by l o c a l melting (2) it is d i f f i c u l t t o understand how it could b e a f f e c t e d by heat-treatment, as reported here, o r how it could b e c o r r e l a t e d with f r a c t u r e toughness i n tension.
I f t h e primary processes responsible f o r dynamic y i e l d i n g a r e d i s l o c a t i o n m u l t i p l i c a t i o n and g l i d e , it would seem equally u n l i k e l y t h a t heat treatment should have a major e f f e c t , s i n c e t h e primary c r y s t a l l i n e phase, corundum, is unaffected by h e a t -t r e a tment.
This leaves only t h e t h i r d mechanism, m u l t i p l e microcracking.
The observed f r a c t u r e morphologies and t h e c a l c u l a t e d values of C , noted i n t h e mechanical t e s t r e s u l t s (Table I ) , s t r o n g l y suggest t h a t i n a l l czses t h e c r i t i c a l crack length exceeds t h e microstructural dimensions, and t h a t t h e primary morpholog i c a l d i f f e r e n c e s a r e due t o d i f f e r e n c e s i n t h e preferred crack path. I n t h e s o lu t i o n -t r e a t e d t i l e s it i s c l e a r t h a t t h e glassy phase has been toughened, probably not only by t h e composition changes, b u t a l s o by compressive microstresses (13). Crack propagation i n t h e s e toughened t i l e s occurs a t higher s t r e s s e s and t r a v e r s e s both t h e c r y s t a l l i n e and t h e glassy phases.
On t h e o t h e r hand, t h e s t r e s s l e v e l f o r crack propagation i n t h e f u l l y -p r e c i p i t a t e d t i l e s i s much lower and t h e crack path is confined t o t h e i n t e r g r a n u l a r regions and t h e glassy phase. Table 1 . Summary of mechanical t e s t r e s u l t s . I f t h e microstructural dynamic y i e l d mechanism i s b a s i c a l l y t h e same as t h e f a i l u r e mechanism under s t a t i c loading, then the,dynamic time t o f a i l u r e T should be r e l a t e d t o t h e f r a c t u r e toughness. A lower l i m i t t o T can b e estimated from t h e r e l a t i o n :
This r e l a t i o n assumes t h a t t h e dynamic f r a c t u r e toughness is i d e n t i c a l t o t h e s t a t i c f r a c t u r e toughness, and t h a t t h e Ittime t o f a i l u r e " i s r e a l l y a c r i t i c a l crack length CL"? where C is t h e longitudinal v e l o c i t y of sound. For t r u l y b r i t t l e materials (no l r r e v e r s i k l e p l a s t i c flow) t h e f r a c t u r e toughness should only depend on s t r e s s l e v e l i f t h e crack v e l o c i t y approaches CL.
